NASA TECHNICAL TRANSLATION ' NASA TT P-16,131

APPLTICATION OF QUANTUM MECHANICS METHCDS TO THE STUDY OF
OXIDATTION-REDUCTION ELECTROCHEMICAL REACTIONS OF
METALS AND SEMICONDUCTORS

L.P. Bicelll

*(NASA TT- F~16131)_ APPLICATION oF QUANTUM

;HECHANICS UETHODS TO THE STUDY OF OXIDATION H7eme64d
"REDUCTION ELECTROCHEMICAL REACTIONS OF
gMETALS AND SEMICONBUCTORS (Kanner {L.eo) Unclas

Assoc;ates) i CSCL C7D G3/25 09674

e
i i

El

[N

Translatlon of "Applicazione del methodi della meccanica
quantistica allo studio delle reazioni elettrochimiche
di ossido-riduzione su metalli e semiconduttori," Chimica
g 1l'Industria, Vol. 56, No. 6, 1974, pp. 439-451

| Reproduced hy

NATIONAL TECHNICAL
| INFORMATION SERVICE

US Depatment of Commeres
i Sprmgfleir! VA 2215|

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WASHINGTON, D.C. 20546 JANUARY 1975



STANDARD TITLE PAGE

1. Report No. 2. Government Accession No. 3. Recipiont's Cotalog No.
NASA TT F-16,131 ‘

4. Title and Subiitle APPLICATION OF QUANTUM 5. Report Date

MECHANICS METHODS TO THE STUDY OF OXI- January 1975

DATION-REDUCTION ELECTROCHEMICAL REAC~| 6. Performing Organization Code
TIONS OF METALS AND SEMICONDUCTQORS

7. Authar(s) 8. Parforming Organization Report No.

L.P. Bicelll

10. Work Unit No.

11. Contract or Grant No,
9. Pesforming Organization Name and Address ) NASw-2481

Leo Kanner Assoclates 13, Type of Repcrt and Periad Cavered

Redwood City, California 94063
Translation

"F12. Sponsaring Agency Nome ond Address

Natlonal Aeronautlcs and Space Adminis-
tration, Washington, D.C. 20546

14. Sponsoring Agency Code

15. Supplemaentary Notes

Translation of "Applicazione del methodi della meccanica
gquantistica allo studio delle reaziconl elettrochimiche
dil ossido-riduzione su metalll e semiconduttori,"
Chimica e 1'Industria, Vol. 56, No. 6, 1974, pp. U439-451

16. abstract  Affer a discussion of oxldation-reductlion reactions
and the tunneling effect 1ln general, the author discusses
the distribution of quantum states as a function of thelr
energy in terms of quantum state density, exchange equilli-
brium conditions, anodic and cathodic polarization, limiting
currents and overvoltage-current relationships. The in-
trinsle properties of the semiconductor and the electrolytets
oxidation-reduction voltage determine whether the transfer
occurs prédomifiantly at the valency band or at the conduc-
tion band. The article concludes with a discus&ion of the
experimental results of many authors which best confirm

the theoretlical expectations.

PRICES SUBJECT T0 CHANGE

17. Key Words (Setected by Author(s)} 18. Distribution Statement

Unclassified-Unlimited

19. Security Classif. {of this report) 20. Security Classif. (of this paga) 21.°
Unclassified Unclassified

NASA-HQ




Symbols

8 Electron

® Hole

a Width of rectangular energy barrier
A 2.3 kT/e

bg Anodic Tzfel slope

ba Gathodic Tafel slope 7

ce Concentration of coxidized specles
CR Concentration of reduced specles
D(E) Quantum state density

DEZ(E) Quantum state density of an oxidatlon-reduction system

DM(E) Quantum state density of a semiconductor

e Absolute value of the electron charge

E Energy of an energy level

Eg ‘ Helght of a rectangular energy barriler

Eg Energy level at the edge of a conducgionnband ofianiemi-
conductor :

Evy Energy level at the edge of a valency band of a semi-
conductor

Ep Fermi energy level

EF,EZ Energy‘of the Eermi level of an oxidation-reduction system

OEF,EZ Eﬁergy of the'Fermi leﬁel of an oxidation-reductlion system
at unit concentrations

Er,M Energy of the Fermli level of a metal

EF,S‘ Energy of the Ferml level of a semiconductor

1Ep,8 Energy of the Ferml level of an intrihsic semiconductor
Ey Energy of a particle

ii



Energy level of the pracess Q +=%§%‘R*,~whefé 0 has an
equllibrium configuration and R¥ has the same atomic
configuration as G,

Energy level of the process R » 0¥ '+ 9., where R has an
equllibrium configuration and 0¥ has the same atomic
configuration s R

Fermi function

Planck's constant

Current density

Total current

Exchange current for a metal

Exchange current for electrons for a semiconductor
Exchange current for holes for a semiconductor

Partial anodic current for a metal

Partial cathodic current for a metal

Partial anodic current due to electron transfer in the
conduction band of a semiconductor

Partial cathodie current due to edéctibon transfer from
the conduction band of a semiconductor

Partial anodic current due to hole transfer from the
valency band of a semilconductor

Partlal cathodilce current due to transfer of holes in a
semiconductor's valency band

Cathodic saturation current due to electron transfer from

the conduction band of a semiconductor

Anodie saturation currént due %o hole transfer from the
valency band of a semiconductor

Boltzmann's constant
Mass of a particle
Oxidized specles of an oxidation-reduction system

Reduced specles of an oxldation-reduction system
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Absolute temperature

Transfer coefficlent for a metal -
See text

See text

Electrode volbage

Electrode %oltage at e€quilibrium
Electrode overveltage

Overvoltage in the region of space charge of a seml-
conductor

Overvoltage in the region of space charge of a gsemi-
conductor less the transport overvoltage (of electrons
or holes)

Overvoltage in the Helmholtz double layer
Electron transport overvoltage In a semiconductor

Bole transport overvoltage in a2 semlconductor

Galvani potential relative to uncharged vacuum and at
infinity

Galvanl voltage

Galvani voltage in the space charge region of a semi-
conductor

Galvani voltage 1n the space charge region of a seml-
conductor at equilibrium

Galvanl voltage in the Helmholtz double layer

Galvani voltage in the Helmholtz double layer at
equilibrium
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APPLICATTION OF QUANTUM MECHANICS METHODS TO THE STUDY OF
OXIDATION-REDUCTION ELECTROCHEMICAL REACTIONS OF
METALS AND SEMICONDUCTORS

L.,P. Bicelll

Introduction

The study of reactions taking place athithe electrode-electro-~
lyte interface  is part of the more general problem of the influ-
ence of a solid's electronic structure on the course of a
reaction; this problem is alsowofwbasicrinterest In the fleld of
catalysis. It 1s obvious that if such influence exists, it will
be stronger for reactlons in which electrons are directly parti-~
cipating, such as electrode reactions. In thisrreview, we propose
to examine andidliscuss especially the charge transfer reactions
taking place under near-equilibrium conditions and those far
from equilibrium 1in a solld, metal or semiconductor in contact
wilth anwselectrolyte contailnirig an oxidation-reduction system 1n
solutlony we willl also observe the influence of the so0lid's elec~
tronic structure on the electrode reactlon and compare the
results anticipated by the theoretical analysis with those ob-
talned from experimental determinations. This subject is
currently of great interest also due to the increasing importance
of semiconductor electrodes; this importance has long been recog-
nized through numerous applications: on this subject, it is
difficult to remember that,in many types of batteries, electrodes
made of semiiconductor oxides are used, and that the passivityt
phenomena, which are so important in the field of corrosion, are
due to semiconductor surface layers.

The preparation of solids of hilgh purity or containing

¥ Numbers in the margin Indicate pagination in the foreign text.
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undertake a series of very pertinent #nvestigations on the electro~
chemical behavior of semiconductors, feollowing the original ob-
servation in 1955 by Brattain and Garrett‘[l] that germanium's
electronic structure exerted a direct effect on electrode
reactions. Theoretical research has been carried out concurrently
with experimental work for the interpretation of these results,

at first by Green [2] and Dewald [3], and then by Dewald (4]
again, but mainly by Gerischer ' [5-9]. Other authors who have
made basic contributions in this fleld are Marcus (10], Dogonadze
[11] and Levich {12]. Gerischer. %5 the flrst researcher to
adequately study, 1.e., using guantum mechanics methods, the
electrochemical oxidatdion-reduction reactions [5]1 in metals [6]
and in semiconductors {7]. We shall refer often to thesewworks,
which were published in 1960 and 1961.

Oxidation-Reduction Reactions and the Tunnel Effect

As 1s known, during an ancdic electrochemlicaluoxidation- .

reduction reaction:

R0+ 6w
or,aduringdaccathodienreaction:

0 +:8 - R

¢where R indicates the reduced species and 0 the oxidized speciles
of an oxidation-reduction system, and 8 indicates the electron),
the transfer of electrons takes place through the double layer at
the interface - between the electrode (metal or semiconductor) and
the electraolyte.

This requires that a poténtial barrier be surmounted.
Gurney [13] has shown that electrons, having a relatively small
mass, throughothe quantum mechanics tunnel effect are able to
gurmount the poténtial barrier wlth a much higher probability than



that of the transfer between different energy levels, i.e. hy ex-
citation of the electron at energy levels high enough to overcome
the barrier, |

Thi& is due to the fact that the probability that a particle
of mass m and enérgy Eg #&s able to overcome a rectangular energy
barrier with height Eg and width a is given (if it océurs by the
tunneling effect) by the expresslon:

[ dga
CXPE — —amn I (TR
T v 2m (l.\?‘ L,,)]
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(where h 1s Planckts constant) [14], while, if it occurs through /L0

——r

excitation, 1t is glven by Boltzmann's exponential:
exp (-Eg/kT)

{(where k is Boltzmann's constant and T is the absolute temperature).

It can be seen from these formulas that for particles with
small mass, such as the electron, the tunnel effect is favored
(for example, if E4, = 1 eV, a = 5 3, we have 6-10~3 and 5-10-12,
respectively, and with Egz = 4 eV we have 4.10-5 and 6-10“u6 at
25°C); for heavy particles such as metal ions with a mass larger
than that of the electron by a factor of 105, the tunnel effect
becomes negligilble.

As is known, the overcoming of an energy barrier by the tunnel
effect occurs between two quantum states, initlal and final, with
the same energy value, and, precisely in the cases consldered
here, during the anodlc process there will be a transfer of the
electron from a quantum state occupied in the electrolyte to an.
undccupiededne In the electrode with the same energy, while during
the cathodic process, the reverse will eccur.



It 1is thus indispensable to brlefly recall some concepts of
the distribution of quantum states as a function of their energy
and the manner in which'théy are occupled by electrons 1in metals,
semiconductorsenuieléctrolytes.

Accordilng to the band model, in sclids there 1s a succession
of quantum states that can be grouped in bands: these quantum
statesiare occuplied by electrons in order of increasing energy
and according to the exclusion principle (not more than one
electron per quantum state).

In the case of metals, the bands are partially filled. The
probability that an energy level (l.e. the whole &f the corres-—
ponding quantum states) is occupied by the electrons as a func-
tion of the energy E of that levelils determined with Eermi=Ditac
statdsticsiand is expressed by Fermi's function:

;fqbzz

1
exp (E — Epp)/&T + 1

_— e -

where Ep ) respresents the energy of the so-called Fermi level.

Fig. 1 shows the course of Ferm@i!dsfunction as a funectlon of
energy: the dotted curve refers to the case in which the tempera-

ture is 0°K, and the solid curve refers to the case in whilch the
temperature is higher than 0°K. As the figure and thesaboweiegua-
tion show, at absolute zero all energy levels below Fermi's level
arel occupled by electrons, while those above are not occupied;
beécause of thermal agitation at temperatures higher than absolute
zero, some levels with lower energy than that of Fermi's level are
not completely occupled and some with higher energy are not
completely unoccupied, In addition, when E = Ep y, f(E) = 1/2;

e
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this means that Ferml's level repre-
‘ sents the energy level whose occupation

0

¥ probabllity is 50% when the temperature

|

;o ' - is different from absolute zero.
! Ep y E
LT T
Fig. 1. Course of In order to know the number of
Fermi's function as a electrons occupyling the different ener-
function of energy for
a metal at 0°K (dashed gy levels as a function of the energy
line) and at T > 0 of those levels, 1t 1s necessary to

(solid line). multiply the probabllity of occupation

of an energy level that we have Just
seen by the number of quantum states corresponding to each level,
i.e., by the density of quantum states Dy(E) : f(E) Dy(E). Since
thé resulting function is rather complex, we shall only look at
1ts course: Fig. 2 gives the density of quantum states Dy and
the ordinates give the energy E; Dy(E) is represented by the solid
linessand the occupation of the various levelshiby the dotted 1line.
Fermi's level Ep y corresponds to a 50% occupation, as can be
seen in the figure. In the example, the flrst band is almost com-
pletely filled, the second almost completely empty, and the two
bands overlap: we thus have a conductor.

In the case of a semiconductor, the band theory anticipates
forbldden bands (i.e., energy value interwvals in which the quantum
state's denslty 1s annulled}, alternating wlth permitted bands.

In particular, if a nondegenerated semiconductor is con-
sidered, the valency band willl be almost completely filled and
the conduction band almost completely empty, and Fermi's level
will be within the two bands, in the area of the forbidden band.
This means that the following inequalities will be vertified
simultaneously
Era-E>2ur 803 Eem B>

=

Jxn
Ty



(where Ep o indicates Fermi's level and Ey and Eg the energy levels
corresponding to the edges of the valency and conduction bands,
respectively)}; thus Férmi*s,function beccme gpproximately edqual to
Boltzmannt's exponéntial:

i

-f(E) = e > Xp [ — (E ~ Eps)/kT)

exp (E—~Ers)/ k141 |
- e g e Y R e P R
Flg. 2 represents,/441
in a manner similar to
cE E that previously seen

for metals, the c¢ourse
of the guantum state
density Dg(E) as a
function of energy for
a nondegenerated semi-
conductor,and, as u

usual, the regions of
the bands occupied
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by the electrons have

S e - been crosshatched.
Fig. 2. Distribution of energy levels

and thelr cccupation by electroiis for

a metal, a4 semiconductor and an elec- When the semi-~
trolyte contalning an oxidation-
reduction system as a function of thelir
energy, at equilibrium (from Gerischer degenerate, 1ts be-

(8l. havior approaches that

Key: a. Metal; b. Semiconductor,; of a metal, either
c. Electrolyte

conductor becomes

because the valency

band has numerous

unoccupied levels or
because the conduction band has numerous occupled levels, due to
failure of elther the first or second #nequalities consider above.
Boltzmann's approximation is also no longer verified, and the
probablility of occupation of the energy levels 1s expressed by
Fermi's function; in addition, as we shall see later, -the



Galvani voltage between the electrecde and the electrolyte 1s al-
most completely localized in the Helmholtzydoubletlayeritas is
the case for metals. This case is thus less interesting, and

1t will not be discussed (ekcept when explicitly mentioned),
because it 1s consideréd to be includediin the considerations re-
lating to metals.

In order to determine the course of the quantum state density
as a function of the energy of an electrolyte contalning an
oxidation-reduction systém in solution, it is necessary to keep
in mind that the reduced species R represents the occupled elec-
tron states, and the oxidized species 0, the wmnoccupied electron
states.

The energy of the occupled electron states is, in fact, equal
to the energy exchanged when an electron located in a quantum
state of the reduced species is brought from the solution to
infinity (vacuum) without any variations in the solvatilon®struc-

1

ture,® i.e., it corresponds to the energy of the reaction:

R >0 + 0s

On the contrary, the energy of the unoccupied electron states is
egqual to the energy exchanged when an electron coming from in-
finity {(vacuum) 1s accepted by the oxldized species without changes
in the solvation structure of the latter.

The energy of the electron states will thus be a function of
the various solvation configurations of R and 0, confiigurations
which keep changing due to thermal motion (for instance, due to
viprations and rotations of the solvated ions), but which, according
to the Pranck&Condon principle, must remain the same when electron

! This.1s due, as we shall scon see, to the exlstence of the
Fraitck-~Condon principle.
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The various configurations are present in the solution at
completely different concertrations, depending on thelr energy,
and it is actually thetr distribution as a function of energy that
determines the density of the quantum states of the oxidatlon-
reduction system contained in the electrolytes Dgz(E). This
latter function is représented in Fig. 2 as a functlon of energy E:
it has two maxima {as has been shown by Gerischer [5]), corres-
ponding respectively to the energy levels Egr and Ep for which the
number of existing configurations is maximum. This happens when
the species R or Q-assume their own equilibrium conflguration,
i.e., the most probable one. The first of the two maxima has
lower enerpgy than the second one, because it related to the
equilibrium configuration of the occupled electron state; the
second one has higher energy than the flrst one because 1t relates
to the equilibrium configuration of the unoccuplied electron state;
in addition, the values of the density of the corresponding quan-
tum states DE&(ER) and DELKEO) are proportional to the concentra-~
tion of the reduced and oxidired species, respectively.

Gerischer has shown that Fermi's function relating to the
probabiliy of occupation is valid also in this case: Fermi's
level, which must representithe energy level occupied to an
extent of 50%, will thus have a value depending on the concentra-
tion ratio.

In concluslon, as 1s adso seen 1n the figures, where Fermi's
level EF,E@ is also indicated, the electrolyte has a structure
with two superimposed bands, of which thebbariduef Llower energy
concerns the occupled energy levels {(crosshatched area) and the
other concerns unoccupled levels.

Exchange Equilibrium Condition

When the élédtrodé 1s placed In contact with the solution
and the equilibrium condltions has been reached, 1.e.,bbthe



electrode yoltage € ls equal to the equilibkium voltage e5 and

a Galvani voltage is established between the electrode and elec-
trolyte for which the corresponding Fermi levels become equal

to (see Figs. 3b and 4b):

Ep,m = Bp,EL
and, respectively:

EF,S = EF,EZ'

Since the elections' Fermi level corresponds to the electrochemi-
cal potential of the electrons in the phase under study, the above
relationship expresses the electrochemical equilibrium as the
equality of the electrochemical potential of the electrons in

the electrode and In the electrolyte.

The Galvanl voltage that has been established between the two
phases Ircontact is almost completely localized.,for metals/ in
the Helmholtz double layer or, in the case of dilute solutions,
which are not considered here, partially also in the diffuse
double layer in the interior of the solution®?, while, on the
other hand, for nondegenerated semiconductors, it is almost com-
pletely localized In the diffuse double layer inside the semi-
conductor itself.

This happens because, as we have seen, the concentration of
holes in the valency band 1s rather low in nondegenersted semi-
~conductors?, as is the concentration of electrons in the ceonduction

. % As 1s known, the double layer at the gléctrodeselectholyte interw
face shsyformed by thewHelmholtz double layer, &n which chemical

“forces with short action range are actlng, and of the diffuse
double layer in which Coulombian forces with long range are acting.

¥ Since the vacancy of an electron (i.e, a quantum state not oc-

~ cupled by the electron) In the valency band behaves like a moving
carrler of positive charge, 1t 1s handled as a second type of
change carrier called a hele or gap.




band, so that next to the electrode surface in contact with the
electrelyte a reglon forms, called the region of space charge,
whereln the values of the holés and electron concentratlon also
differ . substantially from the valué that it takes inslde the
electrode.

Thus the energy levels corresponding to the surface of a
semlconductor in contact with the electrolytic sodition are dis-
placed very slightly relative to the case when the semliconductor
wasilsolated, while the occupation of the guantum states near
the surface may be substantially changed, according to the value
of the Galvanl voltage:. locallzed within the space charge regilon.

In a metal (or in a degenerate semiconductor} ln contactiwith
the electrolyte, the opposite takes place: the energy levels are
substantially displaced, because almost the whole Galvanl voltage
is localized within the Helmhoeltz double layer, while the electron /U442
distributlon near the electrode's surface changes very little.

As we pointed out at the beginning of thisureview, during an
anodlec process, tunneling of electrons occurs from an occupled
guantum state In theucelectrolyte to an unoccupied one, having the
same energy, in the electrode. Thus, theppartialaanode current i,
will be proporticnal to the density of the oécupied quantum states
in the electrolyte and of the unoccupled quantum states in the
electrode, wilith the same energy. The proportlonality coefflclient
will be closely bound to the frequency with which the electrons
make the transisions. For the partlal cathodic current i_, the
reverse 1is true: 1t will be proportional to the density of the
occupied quantum states In the electrode and of the unoccupied
quantum states in the electrolytes, wlth the same energy.

Underuéquillibrium conditions, the partial anedic and cathodic
current are, as s known, equal to each other and to the eichange
current.

10
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Fig. 3. Distributlon of energy levels

and thelr oeccupation by electrons for
a metal in contact wilth an electro-

lyte contalning an oxidatlon-reduc-

tion system and anodic and cathodic

currents as a functlonwdf energy,
when the electrode voltage 1s
higher (anodic polarization) (a),
equal to (b), and lower (cathodic
polariZation} (c) than the equlli-
brium voltage {(from Gerischer [5,6]).

Key:

a. Metal; b. Electrolyte

In the case of a
metal, we have:
i = 1_ = i,.
Concerning a metal, in
Fig. 3b (diagram on the

right side; abscissa:
current intensity; ordi-
nate: energy), the
product of the density
of quantum states and

of the guantum mechanics
frequenéy factor for
tunneling corresponding
to each energy value

are given. The i1ntegral
of these products rela-
tive to energy, i.e.,

the area undek the curve,
corresponds to the ex-

change energy.

As Gerilscher [8]
has deduced, based on
simple considerations,
the exchange currents
for the oxidation-reduc-
tion reactions are much
higher for metals than
for semiconductors. This
is essentlally due to
the fact that in semi-

conductors the Hermi

11



level is within the forbidden energy band (Fig. 2), so that no
electron exchanges can take place around this energy value, while,
on the other hand, in metals the exchange occurs just in an inter-
val of energy values centered around the Ferml level, where the
density of quantum states is high.

The exchange reaction thus cccurs in a semiconductor only
under the edge of the valency band and above the edge of the con-
duction band; therefore, two exchange currents are cbserved for
1t; the one relating to the valency band may also be deséribed as
Being due to the exchange of holes,

In the formulation of the oxidaticon-reductlion process, it is
in fact possible to distingulsh two mechanisms involving holes
and electrons, respectively [3, 7], i.e., the mechanism with
hole transfer:

R+ @& Q

>
-
{where ® indicatesaa hole) and the mechanism wlth electron trans-

fer already examined:
RZ O+ 8.

It follows that for a semiconductor in general, two exchange
currents may be distingulshed (Fig. iUb):

bi]
(5

the first of which relates to the exchange of holes with the
valency band (and precisely the anode current corresponds to the
transfer from the valency band to the electrolyte, and the

cathodle current to the transfer from the electrolyte to the
valency band), and the second to the éxchange of electrons with the

12
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%g. %r Q%%Eribution of energy levels
and” tieir’ obcupatlon by electrons.. for
a‘semlconductor in contact with an o'l
electrolyte cohitaining an exidation-
reduction system and anediec and cath-
odic partial currents as a function of
energy, when the electrede voltage 1s
higher (anodic polarizatien) (a},

equal to (b) and lower than (c¢) the
equlﬁ%brlum voltage (from Gerischer
(5,6

Key: a. Semiconductor; b. Electrolyte;
¢c. Valency band; d. ceonduction
band

E

conduction band (the
anode current corresponds
to the transfer into

the conduction band and
the cathode current

from the conduction
band).

The total exchange
current is the sumaof
the exchange currents
of holes and electrons.”

Gerlscher has de-
termined that the
declding factor, capable

of controlling the

*If the forbldden band
at the semiconductorts
wsubPfaceils sufficlently
bnoad (more than about
0.5 eV) elther only one
of the two exchange
geurrents 1s practically
observed, or none.
There 1s however the
possibility of exlstence
of a third exchange cur-
irent, when the presence
wwithintthet'forbidden
band of energy levels
duesito floreigntsubstances
(fadditived) or to surface
effects causes an elec-
tron exchange at the
energy level of these
levelas, In this case,
it Is possible that.
the surface layers may
be the only ones giving
a non-negllblle ex-
‘ehange current.

13



predominant exchange mechanism type at equilibrium conditions, is
glven by the following difference ,'l

Ep,E7 "#(1Ep g ~ ©4¢H,0)

i.e., by the difference between the Ferml level of theroxidation~
reduction system and the Fermi level of the isolated semiconductor,
assumed to be intrinsic®4 jEp g is displaced by the amount

neA¢H,O, where e represents the absolutevvdlue of the electron
charge and A¢y o represents the Galvanl voltage localized in the
Helmholtz double layer under equilibrium conditions. The last term
€ akes into account the displacement of the energy levels corres-
ponding to the semlconductor's surface as a consequence of the
establishment of the Galvani voltage in the Helmholtz double layer,
and, due to the reasonsg already cited, is very small if the semi-
conductor is not degenerate.

Let us now assume that wesare considering & similar semil-
conductor in contact with two different oxidation-reduction systems
(Figs. 5 and 6). From the above relationship, it can be deduced
that when the electrolyte's Ferml level is very low, so that
EE,EZ < iEF,S - §A¢H,D, under edqullibrium conditions, the exchange‘
of holes with the valency band (Fig. 5) is predominant, while
when the Fermi level in the electrolyte 1s very high, so that
EF,EZ > iEF,S - éﬁ¢H,o.under'equilibrium conditions, the exchange
of holes within the conduction band predominates (Fig. 6).

If the two oxidation-reduction systems Just considered are
compared with each other, 1t is Immedlately seen that the first 1is
more oxidizing than the second. In fact, since the Fermi level of
the/finst system 1s lower than that of the second one, the average

% As is known, an intrinsic semiconductor (isolated and pure) has
the same number of holes in the valency bhand of electrons in the
conduction band.

14
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Eigw:b. Charge trans-
fer process at equili-
brium between a semi-
conductor and a
strongly oxidizing
oxldation~reduction
system (from Gerilscher

[81).

|

1 \\Qiat::::s o
; N ok
r\ EF,S" £ b

? FEl

Fig. 6. Charge trans-
fer process at equili-
brium between a seml-
conductor and a
strongly reducing
oxidation-reduction
system (from Gerlscher

8.

and to bring them into vaccum at 1ln-

finity . 1Is higher In the first case

than in the second one, i.e,, the
course of the anodlc process is mone
difficult in the first system than in
the second one, and thus the flrst sys-
tem is morewnoxidizirig. J

In addition, since the Fermil level
of the electrolyte depends on the con-
centration of the reduced specles (cg)
and of the oxidized species (cq),
according to the following relatlonship:

= RO '
EF,EZ = EF,EZ + kT Jlog CR/CO,

an increase in the concentration of the
reduced species relative to that of the
oxidized species favors the .exchangesol
in the conduction bhand.

On the other hand, a variation of
the doping does not change the pre-
dominating type of exchange mechanism
{even though the position of the Eermi
level can vary substantially), since it
does not play an essentlal role #n the
position of energy levels corresponding
to the electrode surface, which are the
determining ones in exchanges with one
band or the other.S®

® Tndeed, the exchange

conductor's dopling.

current 1s also Independent of the semi-
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Anodic and Cathodle Polarization

When the electrode 1s polarlzed, for example, anodically,
the electrode voltage becomésrgneéber than the equilibrium vol-
tage; 1.e., ¢ > g4, and there is an accumulation of positive
charges, i.e., of holes, in the electrode relative to fthe electro-
lyte, and thus the Ferml level of the metal or of the semlconductor,
which is by definition equal to the 50% filled energy level, be-
comes less than the electrolyte's Fermi level by an amount AUUA

A S——.

proportional to the overvoltage n = ¢ - g5, i.e,

Ep,m = Ep,Ez - oM

and, respectilvely,

]

Ep,3 = Eg,g7 - &N

This formula is valld also in the case when the electrode is
cathodically polarized, since in this case the value of the over-
voltage is negative: the Permi level of the slectrode will then
be higher than that of the electrolyte.

Let us now consider Fig. 3 again, relating to a metal: in
Fig. 3b, the case which we have already seen is consildered, in
which the electrode voltage 1s equal to the equilibrium voltage;
in Fig. 3a the case 1is consldered in which the electrode has been
anodically polarized, and in Fig. 3¢, the case ingwhich it has
been cathodically podarized. 1In these two latter cases, 1t i1s
seen that the entire band is displaceduby the same amount snd in
the same direction as the Ferml level, i.e., downward after anodic
polarization and upward after cathodic polarization.

This alsc occurs because, as wewrhave sald, im the Galvani

voltage of the metal, and thus the overvoltage, I8 almost entirely
localized in the Helmholtz double layer, so that:

16



1w = = Ay

a—

(where A¢y and A¢H o represent the Galvani voltage Tocalized in
the Helmholtz double layer In conditions respectively far fromuanag
neariégquilibrium), and, since the éStablishment of a Galvanit
potential ¢ in a phaseruncharged and at infinity, relatlive to
vacuum, involves displacement by -€¢’ of the electrons! energy
18981

b ok i

The displacement of the energy levels of the metal phase
relative to those of the electrolytic solution, when geing from
case € = g4 toicase € # €5, must thus be equal to the variation of
the metal-electrolyte Galvani potential difference, when going
from the equilibrium condition to the nonequilibrium condition,
l.e., equal to A¢py - AdH,o = M.

In conclusion, there wlll be a dilsplacement of energy levels
of the metal relative to those of the electrolyte equal to a - en.

Once again, the behavlior of itauvnondegenerate semiconductor
is different (Figs. 4a and c¢): while the Fermi level 1s displaced
after polarization by an amount -en (as in metidls), the energy
levels (and thus the edges of the valency and conduction bands)
corresponding to the semiconductor's surface are displaced relative
to those of the electrolyte, only by —-eng .

If we indicate by ng the overvoltageilocalized in the Helm-
holtz double layer and by g that overvoltage in the space charge
reglon, we have

IV et L

ra .T] =Ny ke = Aq)” — A(pu'., -k ﬂr‘:(; —_— Al’ﬁc,n/

7 The minus sign appears because 1f, for eiample, tﬁé bhasé be~
comes posltive, more work nust be done to extract the electrons;
i.e., the corresponding energy levels have been dlsplacgd downward.

17
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Thus the greatest effect brought about by a polarization,
anodic for instance, consists of Increasing the concentration of
holes in the valency band at the surface of the semiconductor ..
and of deecreasing that of the electrons in the conduction band,
while the relative posltion of the energy levels {electrode-
electrolyte) 1s changed very little (Flg. H4a).

The opposite takes place after cathodic polarization {(Fig. Ue).

In Figs. 3 and 4 the partial anodic and cathodic currents as
a function of the energy values are also given. Since, as we
have stated several times, the partial anodic current is propors
tional to the density of quantum states with the same energy
occuplied in the electrolyte and empty In the solid, while the
opposite holds true for the partial cathedic current, when the
overvoltage 1s positive, the partial anodic current is greater,
and when it 1s negatlve, the cathodic partial current is greater.
For a metal, two partial currents can be distingulshed, corress
ponding to .each overvoltage value: anodic¢ 14 and cathodic 1_;

for a semiconductor, four can be distinguished: two partial
ES

di 1
anodic, 1,

and ig, and two partial cathodic, i; and i;.

For a semiconductor, it 1s further possible to change the
predominant transfer mechanism by polarizing it adequately, as
has been shown by Gerischer [7, 8] in his mathematical treatment.
This can be very well visuallzed with thexexamples given by
Gerlscher, examples which are now common used, since they are often
quoted by many authors (for instance by Boddy [16]).

Let us conslder the semiconductor-electrolyte system, depicted
in Fig. 6, for which, at equilibrium conditions, the electron ex-
change with the conduction band prnedomitantlysrtakes place, and leé

18



us polarize it anodically., When the voltage change is small, the
transfer of electrons into the conduétion band st1ll predominates,
although theipartial cathodic transfer current i 1Is strongly
decreased relative to its value at equilibrium, due to the de-
crease of surface‘concentrationm@fﬁélectrons brought about by
displacement of the Fermi level. When the voltage is further in-
creased, a change of the maln transfer mechanism is observed,
because, as 1s seen in Fig.i7, the transfer of hOlés from the
valency band toctheuelectrolyte 1+ be-

P
comes predominant. When the voltage

m
m

increase is high enough to cause degenew
Nt ration of the semiconductor at its

surface (Flg. 8), an increasing part of

1
!
.J £, g |

J
1Dy O i
N . - are so negative that the valency band

fhe voltage is localized in the Helm-
holtz double layer, and the energy

levels are displaced toward wvalues that

Fig. 7. Charge trans— falls in a region of energy values where

fer process between the there are no energy levels of the
semiconductor and the
strongly reducing
oxidation~reduction into the donduction band then becomes
system, represented at
equilibriym conditions
in Fig. 6, due to high of holes in the valency band.
anodic polarization '

(from Gerischer [81).

electrolyte. Thé transfer of electrons

predominant, in spite of the high number

When the semiconductor 1s cathodic-

ally polarized, fiorhismall voltage varia-
tdons (Fig. 9) we have electron transfer from the conductdion band
to the elecfrolyte still predominating, with a gradual increase of
iH; for large variations (Fig. 10), for which the semiconductor
becomes degenerate at its surface, the displacement of the semi-
conductor's energy levels toward less negative values is zo large
that the transfer of holes in the valency band becomes predominant,
since there is no longer an overldapping of the energy levels of
the conduction band with those of the élédtrolyteg
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Fig. 8. Charge trans-
fer process between
the semiconductor and
the strongly reducing
oxidatlon-reduction
system, represented
under equilibrilum
conditions in Fig. 6,
due to a very high
anodic peolarization
(from Gerischer [8]).

Fig. 9. Charge trans-
fer process between

the semiconductor and
the strongly reducing
oxidation-reduction
system, represented at
equiltbrium in Fig. 6,
due to a small cathodic
polarization (from
Gerischer {8]).
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These results may thus be summarized
and extended to the case of a semicon-
ducter whlch_at equilibrium conditions
exchanges holes predominantly with
the valency band: near equilibrium,
the transfer takes place, when the
current 1s circulating, at the band
for which the exchange current is
higher; a further polarization (without
reaching surface degeneration conditions)
favors, relatively, the transfer of
holes from the valency band, if 1t is
anodlie, or the transfer of electrons
from the conductlon band, 1f it 1is
cathodle; a high polarlzation with
strong degeneration, on the other hand,
leads to transfer of electrons in the
conduction band, 1f it is anodie, and
to transfer of holes in the wvalency
band, if it 1s tathodic.

Limiting Currents

In the course of the above con-
siderations, we have assumed that the
partition of the carriers in the semi-
conductor can be treated as if it were
at equllibrium, in spite of current
circulation. This means that the supply
or elimlnation of the carriers from
the surface takes place so fast that
current circulation does not cause a
change of thelr concentration in the

surface layer, Howevérqguthds does not



aceuy in every case, For instance, 1f
a,semiconductar of type‘n 1s anodically
polarizéd, whén ﬁhe'oxidation process
takes place predeminantly wlth trans-
fér of holes from the wvalency band to
the electrolytes, the limited supply

of holes from the Interior may lead

to circulation of a limiting current,

e e the so-called saturation current [8],
Flg. 10. Charge trans-

fer process between the
semliconductor and the without increasing the concentration of
strongly reducing
oxidation-reduction sys-
tem, represented at the sample to light. Indeed, electron
equilibrium in PFig. 6,
due to a very high
cathodic polarization takes place by electric transport,

(from Gerischer [81). while that of holes, minority carriers,

which cannot be further lncreased
the holes, for example, by exposing

transport out of the space charge area

is mainly controlled by diffusion, and
thus the flow of holes from the inside of the semiconductor toward
the space charge area will depend on thelr concentration difference,
go that a limiting anodle current 1s anticlpated when the hole
concentration becomes zero- at the boundary plane of the space
charge area toward the inslde of the semiconductor. It will thus
be possible to define a hole transport overvoltage, “T,ps repre-
senting the contribution of the hole transport to the overvoltage
locallzed in the space charge area:

Me = N’ + qra

where® o
e = /“B(l —_ Ip"jrfp'*'mt)

+

It can be deduced from this latteriformula that when 1; = ip sat.o
,sat.

the overvoltage becomes 1Infinite.

® For typographic reasons, 2,3 kT/e has been Indicated by A.
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A similjar situation occurs for a semiconductor of type p
cathodically pelarized, when the reduction process takes place
predominantly with transfernéf electrons from the electrolyte's
conduction band. The limited supply, .in this case of electrons,
from the interior to the sﬁrface may lead to a cathodic saturation,

current i Analogouzly with the previous case, we can then

n,sat.
define an electron transport evervoltage Ny n»

Both in metals and in semiconductors it is further possible
to observe an overvoltage due to transport by diffusiocn in the
electrolyte of the species taking part in the reaction,?® i.e.,
due to transport in the ligquid layer located near the electrode's
surface and practlcally still even when the electrolyte is stirred.
It will thus be possible to reach a limiting current when, at the
electrode surface, the concentration of the reduced species Wil
become zero durlng an anodic process (limiting anodic current)
and that of an oxidized specles during a cathodic process {cathodic
limiting current).

™~
=
=~
[0

Overvoltage-Current Curves

Fig. 11 (curves i, and 1_) depdcts the course of the over-
voltage as a funectlion of the decimal logarithm of the partiasl
ancdic and cathodle currents for a metal. At the value n = 0,
there is equllibrium, where the two partial currents become equal
to the exchange current. The course 1s linear, and the two curves
are symmetrical, this being a conéequence of the cheoice of the
value of «, as well shall now see.

® It is of no interest for the present purposes, and we shall assume
that 1t iIs negligiblé.in the cases consldered.

4%In the case of a semiconductor, this 1imiting current is easily
distinguishable from the saturation currents, since 1t does net
increase when the sample 1is exposed to light, e
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r \ ( Geprilscher [6] has
Pl indeed calculated that, with
g i; - some appreoximatlons con-
é [ cerning the density of
ﬁ gquantum states of the metal
bt and the electrolyte and the
ﬁ frequency with which the
oo electrons make the transi-
% - tions, the slopes of the

E curve are squal to:

% ‘ l — ) l{:’.'"; Cod d—- .
! - b g L T
‘é._‘ - i ' B d]gip /!1 ' d]gl‘,ﬁ /( l'i)
- !‘ytli e — - .. ~ : . —~
Fig. 1l1. Dependence of overvol-

tage from partial currents:

anodic {i;) and cathodic (i_)

?n? from the resulting currents where a represents the

1) for a charge transfer pro- .
cess between a metal and an transfer coefficient for the
oxidation-reduction system
{a = 0.5).

partlal anodic reaction: it

has an approzximately constant

value when the overvoltage
varies; between 0 and 1, it is equallyaequal to 0.5.%}%

The same result might have been reached by the usual nonguan-
tum-mechanics kinetic and electrochemical methods (see, for ex-
ample, the textbooks by Vétter [7] and Bockris [181]).

These methods assume that the reaction rate (partial current)
depends on the activation energy of the process,'? i,e.

s on the
energy difference between the initial energy level and the energy

11 In Fig. 1) it has been assumed that a = 0.5.
12 More precisely, the electrochemical free activation enthalpy.
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Fig. 12. Dependence
of overvoltage from
the transfer current
of holes (if, 13) and
of electronS (m%iﬁ,
in) for a charge trans-~
fer process between a
type n semiconductor
and an oxidation-
reduction system
which, at eguilibrium,
exchanges predomlnant-
ly holes with the
valency band (from
Gerischer [8]).

in the Helmholtz doukle layer, which

‘ the'eiectron‘mnst Qveréome in oprder
that the products may bé,formed. The
activation energy depends in 1ts turn
on the overveoltage, since the transfer,
for example, of an electron from the
electrolyte to the metal, as happens
during an ancdic process, intultively
is faster when the metal is mcre posi-
~tiverelative to the electrolyte. The
variation of reaction rate with changes
of overvoltage must thus be attributed
to the variation of activation energy
of the barrier,and a, the symmetry
factor of the barrier (when 1t 1t

equal to 0.5, the barrler is symmetri-
cal) takes into account the shape of
the potential barrier, i.e., of the dis-
tribution of the contribution of over-
voltage between the anodic and catheodilce
processes.

Flg. 11 also depicts the law of
dependence .of overvcltage from the re-
sulting current 1 (equal to the dif-
ference between the anodic¢ and cathodice
partial currents), the only one that
is observed experimentally. The course
is linear!?®, with a slope equal to
A/, and to -A/(1 - a) (1.e. 118 mV/

/logarithmic unit at 25°C, when o = 0.5), only at overvoltage
values for which the contribution of the anodic, or, respectively,
cathodle, process 1s negligible, The slope of this straight line

13 That is, Tafel's law 1s valid.
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and Its lntersectlon wilth the straight
llne n = Q permit us to obtain, res-
pedtivély, the value of the transfer
coefficient and of the ékch&nge current.

Let us now look at the results
concerning a semiconductor.

Fig. 12 deplcts &the overvoltage
curves as a function of the decimal

logarithm of the partial currents for
a semiconductor of type n, whigh, at

e equilibrium conditions, exchanges
e predominantlj holes with the valency
: [
FC A band. Fig. 13 illustrates the bghavior
- fa in_

T of a semiconductor of type p, which,
Pig. 13. Dependence

of overvoltage from
the hole transfer cur- predominantly electrons with the conduc-
rents (iE, i;) and
electron transfer cur-
rents (if, if) for a
charge transfer pro-
cess between a
semiconductor of type which are Gerischer's [8], the course
p and an oxldation-
rediuctlon system
which, at equilibrium, for metals, but the slope changes and ALY
exchanges predominant-
1y electrons with the
conduction band (from
Gerischer [8]).

at equilibrium conditions, exchanges
tion band.

As can be seen from the figures,
is usually linear, as we have seen
the saturation currents are possible.!®

Gerischer [7] has determined the
expressions of eovervoltage as a func-

&* Examinatlon of Filgs. 12 and 13 permits us to find the results
already obtained én the manner in which the predominant trans-
fer mechanism varles with polarization. "For 1Instance, when
ip.0 > I o (Fig. 12) with anodic polarization, the transfer
o%’holes keeps predominatling, while with cathodlc polarization
the hole tranafer predominates at first, and eventually elec-
tron transfer will predominate.
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semlconductor is not degenerate and when thesdistiribution of the
%%ggﬁers inside the semiconductor itself may be conslidered to be

at equilibrium. In particular, for the slopes he found that:

d dn
o=/ =B 2 == AR
dlgr,, L o’p
d dn
oAl —y) 5 = Ay
dlgi, digi, _

- e m e e Aem mm e s

where £ and vy are very complex expresslons, equal to the product
of two factors, one of which 1s the derivative dny/dn.

As long as the semiconductor is not degenerate, the variation
of overvoltage in the Helthholtz double layer with the varilation of
the total overvoltage is negliglble, as we have seen: consequently,
the above defivation becomes very small and thus B and ¥y become
much lessithan 1. As a consequence of this (see Figs. 12 and 13),
the slopes of the curves n(i;) and n(ig) become respectively
equaltoAanda = A(i.e., to 259 mV/logarithmic unilt, at 25°C),
while those of curves n(i;) and n(i;) are much ldrger (in absolute
values). The result is again reached that when the overvoltage
is changed, the rates of the partial anodic processes in the
valency band (ig) and cathodic processes intitthe conduction band
(i;) vary much more than the rates of the opposlte processes.

In Figs. 14 and 15, the curves of overvoltage vs. current
relative to the resulting exchange of holes in the valency band.
and of electrons in the conduction band are given by the solid
line, respectively, in the case where iy o > in,o and 1y o < in,os
evidencing doping of the semiconductor with the letters p and n.
The dashed line represents the course of the resulting current
and corresponds to the curve that should be observed experimentally
in the hypothesis that the diffusion overvoltage is negligible.
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Fig. 14. Dépéndence of over-

voltage from the' turrents in
relation to the resulting
hole transfer (it ~1ip) and
electron transfer (if - 1y)
(solid lines) and from the
resulting current (i) (dashed
lined }for a charge transfer
process between a type p or
n semiconductor and an oxi-
dation-reduction system that,
at equilibrium, exchanges
predominantly holes with the
valency band {from Gerischer

[941).

-

The [lgures are.selfvexplahar

tory on the basls of what we
have'alréady seén.‘ It is

only approepriate to observe
here that if, near the equili-
brium voltage, b, < by (or

b, < bal), where by and bg
represent the absolute value of
the slope of the linear portiocon
(Tafel slope), respectively.;
anodic and cathodic, of the
resulting curve, the transfer
under equllibrium conditions
takes place predominantly in
the valency band (or in the

conduction band). '% In addi-

tion, when a high value cannot
be reached, which would make it
posslble to bbserve the satura-
tion currents, if the portion

of the curve far from equilibrium

voltage (where both bands con-

tribute) b, < by, the semi-

conductor is of type pi other-
wise, it is type n.

Interpretatiionnafl Experiﬁental
Results

i

In the preceding parts of this review, we have discussed the
theory by means of whiech the oxidatlion-reduction reactions taking
place on metals and semliconductors are studied. Let us now

13 mhis result follows from neglectling the contribution of one of

the two bands.
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- examine the more Important
experlmental results obtalned
by varipus authors, which
best cofifiirm the theo-
retical predictions.

First of all, while
the results relating to
oxidation~reduction reac~
tions in metals are very
numerous [17] (even if their

“interpretation 1s often

o iy i) complicated by superposi-

fﬁﬁ-ﬂ:: tion of diffusion phenomena
14 )

- o - in solutlon [19£231),uthose
Flg. 15. Dependence of overvol-
tage from the currents relating
to the resulting hole transfer scarce .[9]. In practice,

+ -
(i 15) and electron transfer most of the determinations

(i+ ~ ip) (solid 1ines) 4nd from
the resulting current (1) .(dashed
line) for a charge transfer pro- in which, however, the pro-
cess between a type p or n semi-
conductor and an oxidation-

reduction system which, at and cathodic hydrogen evo-
equilibrium, exchanges predomil-

on semiconductors are rather

have been made with germanium,

cesses of anodic solution

nantly electrons with the lution are superpesedeord on
conduction band (from Gerischer the reaction studied, or
[9D). with semiconductérs having

a bro&d band of forbidden

energy, for whieh practically
only one of the two processes can be observed, the anodic one
when they are type p, such as nickel oxlde, and the cathodic one
when they are type n, such as zlne oxide, cadmium sulfate and
potassium tantalate.'®

18 Recently, some semiconductors with broad bands have been ob-
tained, such as SiC and GaP, which may be elther type p or n,
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Fig. 16. Dependence of overvol-

tage from anodic (i4+) and cath-
odlic (i1_) partial currents and
from the resulting current (i)
for the oxidation-reduction
reaction Ti%t/Ti3t on mercury

at 25°C. Composltion of solu-
tions (e) Til+ Q.21 M + Ti3+
0.017 M + HoSOy 1 M. (+) Ti% =4
9.17 M + T1§+ 0.03 M + Ho30y

1L M (from Essin [24]).

Fig, 16 gilves the re-
sults obtalned by Essin [24]
on the.laWtof.dépendence of
oVervoltagé_ffom the partial
currents and from the res
sultling current for the
oxldation-reduction reaction

11+/Ti3+ on a mercury
electrode., There is satis-
factory, although not perfect,
agreement with the deductlons
from the above theoretical
analysis (Fig. 11), since
the absolute value of the
observed slopes is between
134 and 155 mV/logarithmic
unit!? (instead of being
equal to 118 mV/logarithmic
unit) for anodic straight
lines, and between 113 and
144 mV for the cathodic ones.

Beck and Gerischer [25] have utilized the limiting current
which is observed during anodic dissolution of germanium in acid

solutiontd

of a superimposed oxidation-reduction reaction.

of type n semiconductors as an index of the mechanism

Indeed, when the

reductionocf an oxidized syatem with transfer of holes from the
electrolyte to the valency bands, as 1n the case of the reduction

reaction of the Ce'' ion to Cedt

solution reaction, an increase of the limitling current is

(

Fig. 17), 1s superposed on the

17 Determinations have been made at 25°C.

8% That reaction proceeds in the
: Ge + m® -+ Ge

i

ollowing manner:
ot (4 - m)e

where 2 < m < 4, i.e., it consumes holes and produces electrons.
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observed’®; on the other hand, when
a concurrent reaction also con=
suming holes, as In the case of the
oxidation ofﬂferrocyanide tons teo

ferricyanide, 1s superimposed, a

decrease of the limiting current

i 02z 46 80 is observed (Fig.18). I both cases,
| (mA/cm ) :

f - N since the oxidation-reduction sys-

Fig. 17. Dependence tems are strongly oxidizing, the

of voltage vs. a :
calomel electrode reaction takes place in the valency

from the current den- bands??, while for poorly oxidizing
sity for germanium of ‘ 3+ yyet

type n in stou 0.5 M systems, such as V>7/V°", it takes
(x), in H% 0.5 M + e place in the conducticn band (see
Ce:( 804)2 02 M (o) and”

H, Soﬁ M+ Ce(S04), Fig. 19} where it is seen that the
(e) at 259C (fram oxidation of the V2t ion to V3%
BQCK and Gerischer [25]). brings about a strong increase of the
limiting current £isr type n germanium).
In addition, these authors have been able to verify that the ex-
change currents of the oxidation-reductlion reactions are higher

for metal electrodes than for semlconductor electrodes.

For semlconductors having a very broad forbidden band, the
experimental results are also in agreemént with theory [4, 29=2337.

In Fig. 20 the course of the voltage-current density curve
for the cathodic reduction of ferricyanide ions to ferrocyanide
at 25°C 'on a zinc oxide crystal i1s gilven as an example. The law
is linear, with a slope equal to =59 mV/logarithmic unit, in
perfect agreement with thecry, in the hypothe51s that a variation

13 The same results are’ obtained Dy studylng the reaction of
Fe3* reductiion on gallium arsenide of type n [26].

20 7omashov and co-workers [27] and Pléskov [28] have observed that
strongly oxidizing systems such as Hs0o/Hp0 and Fe3t/Felt in-
steadeexchange electrens with the conduction band when the
cathodic polarization is very high, in agreement with Gerischer's:
theory.
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calomel elec-

¢f the Helmholtz double layer is
neglligible when the total voltage
change (B = v = 0},

It has recently béen found by
Bianchl and colleagues [34] that

2} on stainless steel

oxide films
are semiconductors for which both
oxidatiaon and reduction processes

may be observed.

Filg. 21 glves the overvoltage

voltage vs.

trode from the current curves of the anddlc and cathodilc

q&gﬁilgi gggozyg?og %eﬁf?’ processes as dufunctlon of the

HpSOy 0.05 M + KyFe(CN)g current density for the oxidation~
0.085 M (x) and H,S50y duati jon £ g
0.025 M + KuFe(CN reductlon reaction ferrocyanide-
0.140 M (A) at 25°C ferricyanide, taking place onooxides
(from Beck and Gerischer

formed at two different:femperatures,
1y representing the limiting current

[2571).

observed on platinum electrodes.??

The course of the curves is very similar to that plctured in
Fig. 14, regarding a semiconductor of types p and n, which, at
equilibrium conditions, exchanges predominantly holes with the
valency band. Indeed, near thecequilibrium voltage, 1t 1s possible,
in both cases, to identify in the anodic branch a linear portion
with slope about 60 mV/logarithmic unit, while for the cathodic
This 1is

in agreément with the theoretical predictions for a strongly

branch, this slope 1s {in absolute values) much higher.

2! These films: are transparent, invlsible to the naked eye, but

of significant thlckness, and have been found to be promoters

of pitting corrosion [35]; their nature 1s poorly understood [31].
22 For platinum, the exchange current density of the oxidation-
reduction process is much higher than for semlconducter oxides,
by a factor of about 104-105 [21, 367, in agreement with theory.
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vs. caildémel electrode from the
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+ V30y 0.017 M (o), and in
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o%, at 25°C (from Beck and
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Fig. 20, Dependence of voltage vs,

calomel electrode from current densi-
ty for the ox dation-reductlon reac-~
tion [Fe(CH)E]1S7/[Fe(CH)§1%-on zinc

oxide at 25°C (from Dewald [41).
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Oxidizing oxidation«reduction
syetem, such as the one under
consideration, when the con-
tribution of the conduction
band can beineglected. At
higher current densities,
where both bands contribute,
a sharp differentiation is
observed between the values
of the anodic and cathodic
slopes relating to the two
films. TIndeed, for the fllm
formed at 300°C, the cathodic
slope 1s (in absélute value)
less than the anodlc slope??
while for the one formed at
150°C, the opposite occurs,

~and thewtendency to a cathodic

saturation current is
less marked., If we keep
in mind the previous
treatment, there is no
doubt that the conduction
properties of the oxide
fi1lms can be deduced from
these results: the first
of type n and the second

_of.type‘p}_respectively.

-~ . %% In order not to com-
© promise the Integrity
of the oxide film,
it 1s not possible
to reach very high
absolute values of
overvoltage.
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Fig. 21. Dependence of oevervoltage from current den-

sity for the oxidation-reduction reaction [Fe(CH95J5?Z
/[Fe(CN)gl"™ on an oxide film obtained by oxidation

in dry alr respectively at 300°C (@) and at 150°C (&)
of a sample of austenitic stainless steel AISI 304 L.
Temperature 25°C. Composition of the solutdodn:
K3Fe(CN)g 0.1 M + KyFe(CN)g 0.1 M + NapSOy 0.5 M

(%rom Bianchi [141]).

Blanchl and co-workers [34, 37-39] have further been able to
establish a phenomenological correlation between conduction pro-
perties of oxide films and susceptibility to pitting attack: the
type p film is the least susceptible; the type n film is the
most susceptible to this type of corrvosion. This has been inter-
preted to be due to the lack of stoichiometry of the film, i.e.,
to the existence in the type p film of metallic vacancies, and

of anionic vacanéies in the type n films?*

; these latter were the
conditions for penetratlon of the chleride ions of the attacking
solution Into the film itself, and thefefore for seeding the

2% As is known, when the metallic vacancles are lonized, hcoles
are Injected into the valency band; when anionic vacancies are
lonized, electrons are Injected into the conduction band.
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It has recently been found that copper oxide films are also
poorly susceptible to pitting corrosion, contrary to those of
type n [L0].

Conclusions

We have described in this review the manner in which it is
possible to study the oxidation«réduction electrochemical reactlions
according to quantum-mechanics methods, when the electrodes on é&ig
which these reactions take place are metals or semiconductors.

After explaining that the charge transfer of an electron at
the electrode-electrolyte interface « occurs via a ftunneling process
between two quantum states of the same energy, we have reviewed
the fundamental concepts relating to quantum state denslty and
thelr ocecupation by electrons in metals, semiconductors and
electrolytesyy containing an oxidation-reduction system in solution.
For these latter types, the occuplied electron states are represented
by the reduced species, and the unoccupied states by the oxidized
species.

When the electrode is immersed in the measuring solution and
the electrode voltage 1s equal to the equilibrium voltage, the
partlal anodie and cathodle currents areiequal to each other and
to the exchange current; when the electrode voltage 1s higher
than the equilibrium voltage, 1.e., the overvoltage 1s positive,
the anodic partial current is greater, and when the overvoltage is
negative, the cathodic partial current is greater.

During the anodle process, transfer of electrons takes place
from an unoccupled qQuantum state 1n the electrolyte to an unoccupied
one, with the same energy value, in the electrode: the anodic
partlal current will thus be proportional to the density of the
guantum state cccupled in the electrolyte and of the unoccupied
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quantum states, with the same energy, in the electrode, The
opposite 1s true for the partial cathodle current.

In the case of a éémiconductor, the existence of the forbidden
band should be kept in mind, and, if it is not degenerate, the
existence of a small concentration of holes in the valency band
and of electrons in the conduction band, so that two anodic par-
tial currents are possible, due réspeCtively to thé transfer of
holes from the valency band of the electrolyté and the transfer
of electrons from the electrolyte to the conduction band, and two
corresponding cathodic partial currents. The intrinsic pnoperties
of the semiconductor and the electrolytet's oxidation-reduction
voltage (and thus the relative concentrations of the oxidized and
reduced specles) determine whether, at equilibrium conditions,
the transfer occurs predominantly at the valency band or at the
conduction band. By polarizing the semiconduéctor, it is obviously
possible t¢ change the maintransfefmechanism, gince polarization
favors (wlthout reaching surface degeneration conditions) the
transfer of holes from the valency band if it is anodic and,
relatively, that of electrons from the conduction band, if it is
cathodice.

T

When the oxidation-reduction process takes place with extrac-
tion of minority carrier, i.e., holes from a type n semiconductor
or electrons from a type p semiconductor, it 1s possible to obhserve
saturation currents, anodic and cathodlic respectively. This is a
method for obtaining information on the doping of the semiconductorsw.

The law of dependence of the overvoltage frem the logarithm
of partial currents is linear for metals, while this happens only
within limited ranges of current values for semiconductors. In
any case, the ovierveltage curves as a function of the logarithﬁ
of the absolute value of the resulting current are obtained experi-
mentally, and this makes thelr interpretation more difficult.
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In the case of metals, however, the resulting current 1s
ldenti&aii with the partial currents in the regions where the
contribution of one of the two partial pressures ls négligible,
l.e., for high absclute overvoltage values. In that case, Tafel's
law 1s valid, which enablées us to obtain the values of the
kinetic parameters: exchange curfent and transfer coefficlent.

The analysis 1is more complex in the case of semiconductors.
From the relative slopes of the anodic and cathodie branches in
the region near the equilibrium voltage (where the contribution of
the band with lower exchange current 1s negligible), it 1Is possible
to deduce which of the two transfer mechanlsms takes place pre-
dominantly under equilibrium conditions, while from the relative
slopes in the area far from theléfudldbrium voltage (where it is
indispensable to take Into account the contribution of both bands),
it 1s possible to deduce whether the semlcdonductor i1s type p or n,
even if the saturation currents are not taken into account.

As we have seen, the experimental results are in agreement
with the theoretical predictions. There are many more results
available for metals (which alsc have a higher value of the ex-
change currents) than for semiconductors. A semiconductor satis-
fying simultaneously both the fellowing condltions has not yet
been found: (1) not to give parasitic reactlonsssuperimposing on
and masking the oxldatlon-reduction processes, such as anodic
solution of the semiconductoriitse2f or cathodle hydrogen develop-
ment, and (2) not to have too broad a band of forbidden energy,
so as to enabile us to observe both the ancdic and cathodlc pro-
cess. The films formed by air oxidation of austenitic stainless
steels probably do satlisfy these conditions, but, as we have
pointed out, they are still 1ittle known and not wedl-defined.

It would thus be very useful to find new stable semiconductors,
with well-defined and reprecducible properties, which might be of

o
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type p or n. They would also permit us to check into the small
further details of the theory reported ln this revxew, which we
have been obllged to pass over due to neasons of space.

I wish to thank Prof. G. Bianchl for his suggéstions and
advice.
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